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Sturm JJ, Weisz CJ. Hyperactivity in the medial olivocochlear efferent system is a common feature of tinnitus and hyperacusis in humans. J Neurophysiol 114: 2551 -2554 , 2015 . First published February 18, 2015 doi:10.1152 /jn.00948.2014 .-Tinnitus and hyperacusis are common, burdensome sources of morbidity with a high rate of co-occurrence. Knudson et al. (J Neurophysiol 112: 3197-3208, 2014) demonstrated that efferent suppression of cochlear activity by the medial olivocochlear system is enhanced in individuals with tinnitus and/or hyperacusis. Their findings stress that atypical activity in the efferent auditory pathway may represent a shared substrate, as well as a potential therapeutic target, in tinnitus and hyperacusis.
tinnitus; hyperacusis; medial olivocochlear; efferent TINNITUS, THE PERCEPTION of sound in the absence of acoustic stimulation, and hyperacusis, markedly decreased sound-level tolerance (SLT) to moderate-intensity sounds, are prevalent and burdensome conditions with a high rate of comorbidity. The prevalence of hyperacusis in the tinnitus population, for example, has been estimated to be between 40 and 80% (Baguley 2003; Dauman and Bouscau-Faure 2005; Schenklmann et al. 2014) , and the prevalence of tinnitus in the hyperacusis population has been reported to be as high as 86% (Anari et al. 1999 ). This high rate of co-occurrence is suggestive of shared risk factors and/or disease mechanisms involved in tinnitus and hyperacusis. Identifying and characterizing these shared mechanisms is clinically important, since it may facilitate the development of treatments that prove effective in both conditions. A primary risk factor for both tinnitus and hyperacusis is acoustic overexposure, and both conditions are considered to emerge as maladaptive consequences of the brain's effort to compensate for the cochlear trauma that results from these exposures. Acoustic overexposure leads to cochlear damage as well as to reduced cochlear nerve activity, and as a result, the central auditory system is provided with reduced input. In response to this decrease in input, many structures in the central auditory pathway become hyperactive, including the dorsal (DCN) (but see Ma and Young 2006) and anteroventral cochlear nuclei (AVCN), the inferior colliculus (IC), and the auditory cortex (AC) (Noreña and Farley 2013) . This hyperactivity manifests as a combination of elevated spontaneous firing rates (SFRs) (Brozoski et al. 2002; Kaltenbach et al. 1998) , increased burst firing (Chang et al. 2002) , steeper rate-level functions (RLFs) (Brozoski et al. 2002; Cai et al. 2009 ) and increased firing responses to acoustic stimulation (Finlayson and Kaltenbach 2009; Wang et al. 1996) . Although the hyperactive state of the central auditory pathway after cochlear trauma may help to compensate for decreased cochlear activity reaching the brain, it also likely contributes to the perception of phantom sounds in tinnitus and to the reduced SLT in hyperacusis.
An ongoing debate in the field concerns whether noiseinduced hyperactivity after acoustic overexposure predominantly arises from "bottom-up" (afferent) or "top-down" (efferent) sources. The afferent model hypothesizes that tinnitus/ hyperacusis perception is driven by central hyperactivity that is generated intrinsically in the auditory brain stem and then relayed to higher thalamocortical centers (Noreña and Farley 2013) . This hyperactivity may be generated intrinsically in the cochlear nuclei (CN) as a compensatory response to decreased afferent input (Li et al. 2013; Middleton et al. 2011) . CN hyperactivity may also be driven, in part, by input from the increased proportion of low-threshold, high-SFR spiral ganglion afferent neurons that remains after the loss of highthreshold, low-SFR neurons that follows noise trauma (Furman et al. 2013) . In contrast to the afferent model, the efferent model highlights top-down neuromodulation as a major driving force behind the emergence and maintenance of hyperactivity (Geven et al. 2014) . Certainly, these models need not be mutually exclusive, and afferent and efferent processes may dominate different chronological stages of disease development (e.g., induction vs. maintenance).
One putative effector of top-down modulation in humans with tinnitus and hyperacusis is the medial olivocochlear (MOC) system. The cell bodies of MOC neurons are located in the medioventral periolivary region of the superior olivary complex (SOC) and the ventral nucleus of the trapezoid body (VNTB), and send their axons to either one or both cochleas to innervate and inhibit outer hair cells (OHCs) (Fig. 1A) (Guinan 2006) . MOC neurons inhibit OHCs by releasing acetylcholine (ACh), which binds to postsynaptic ␣9␣10 nicotinic ACh receptors, leading to intracellular calcium influx and the subsequent activation of both small-conductance (SK) and big-conductance (BK) calcium-dependent potassium channels ( Fig. 1B) (Rohmann et al. 2015) . Opening of these potassium channels, in turn, leads to potassium efflux and hyperpolarization of the OHC (Fig. 1B) . Since OHC activity is a major determinant of basilar membrane motion (and by extension, acoustic sensitivity), MOC neurons are situated in an ideal location to modulate afferent auditory drive.
Evidence for anomalous MOC function in tinnitus and/or hyperacusis, however, has been inconsistent, with some studies reporting impressive changes in MOC function (Attias et al. 1996) and others reporting no difference compared with controls (Geven et al. 2011) . In a recent article, Knudson et al. (2014) hypothesized that this inconsistency of findings concerning MOC function in tinnitus was related to variations in SLT (hyperacusis) between participants. The basis of their argument was that since SLT varies widely between individuals, and MOC function likely plays a critical role in determining SLT, grouping participants with low and high SLT together might conceal meaningful differences in MOC function between individuals with and without tinnitus.
To test this hypothesis, Knudson et al. (2014) evaluated MOC function in patients with and without tinnitus, stratifying individual cases in each group further according to SLT levels (low vs. high). They evaluated MOC function in all participants by measuring the magnitude of distortion-product otoacoustic emissions (DPOAE) in the presence and absence of contralaterally presented sounds. DPOAEs are sounds generated by OHCs in response to acoustic stimulation. A common protocol for evoking and measuring DPOAEs involves presenting a pair of primary tones (f 1 and f 2 ) and measuring the distortion product (2f 1 -f 2 ) of the emission that follows. DPOAE magnitude can be measured in the presence and absence of broadband noise presented to the contralateral ear, and the reduction in DPOAE magnitude that occurs in the presence of contralateral noise is interpreted as MOC-mediated inhibition of OHC activity (Puel and Rebillard 1990) . Therefore, an increase in the magnitude of this DPOAE suppression is often interpreted as an increase in MOC-mediated inhibition of the OHCs that produce the DPOAE signal.
The primary finding of Knudson et al. (2014) was that DPOAE suppression by contralateral noise was increased in individuals with tinnitus and/or low SLT compared with individuals without tinnitus who also had high (normal) SLT. These results were interpreted to indicate an increase in MOCmediated inhibition of OHC activity in individuals with tinnitus and/or hyperacusis compared with individuals without either condition. Importantly, the increased DPOAE suppression seen in individuals with tinnitus and/or low SLT could not be attributed to intergroup differences in a number of potentially confounding variables, including age, hearing threshold, baseline DPOAE magnitude, and stapedial reflex magnitude. Furthermore, there were no significant differences in DPOAE suppression between participants with tinnitus that had low SLT, participants with tinnitus that had high SLT, and participants without tinnitus that had low SLT, indicating that neither tinnitus nor hyperacusis (low SLT) alone could explain the enhancement of DPOAE suppression. Therefore, it may be that a common underlying process is driving enhanced MOC inhibition of OHCs in both conditions.
As Knudson et al. (2014) point out, the increased suppression of DPOAEs by contralateral noise in patients with tinnitus or low SLT could be indicative of a number of changes in the efferent MOC system. For instance, increased suppression of DPOAEs would be predicted if MOC neurons themselves became more excitable in response to incoming synaptic inputs. This might occur if MOC neurons in patients with tinnitus and/or low SLT exhibited altered intrinsic excitability because of changes in the expression and/or gating properties of voltage-gated potassium channels, such as have been described in the DCN of mice with behavioral evidence of tinnitus (Li et al. 2013) . Increases in MOC neuron excitability could manifest as increased SFR, lower sound-evoked firing thresholds, altered dynamic range, and/or steepness of the input-output relation of sound vs. firing rate.
Additionally, increased MOC activity could be driven by changes in the presynaptic inputs to MOC neurons. MOC neurons receive excitatory synaptic inputs from T-stellate neurons in the contralateral VCN, via the cochlear nucleus commissure (Brown et al. 2003 (Brown et al. , 2013 , and strengthening of these inputs could lead to increased MOC-mediated suppression of OHC activity. Consistent with this hypothesis, conductive hearing loss and cochlear ablation have been previously shown to increase the proportion of VCN neurons that receive soundevoked excitatory commissural input from the unaffected ear (Bledsoe et al. 2009; Sumner et al. 2005) , and this enhanced excitatory commissural input might extend to MOC neurons, as well. In addition, MOC fibers send collaterals to the VCN, which are thought to synapse onto T-stellate neurons and create a MOC-VCN feedback circuit (Fujino and Oertel 2001) . Although functional studies in animal models with acoustic trauma are currently lacking, it is possible that alterations in Neurons in the CN then send excitatory outputs across the midline to synapse in the contralateral MOC system. MOC neurons then send cholinergic projections (blue) to either one or both cochleas, where they have a net inhibitory effect on OHCs. B: OHCs are inhibited when acetylcholine (ACh) is released from MOC terminals and binds to ␣9␣10 nicotinic ACh receptors on OHCs. Opening of these ACh receptors leads to a local influx of calcium, which activates calcium-dependent potassium channels (K ϩ Ch.) and leads to potassium efflux and membrane hyperpolarization.
this feedback circuit might also contribute to changes in DPOAE suppression in tinnitus and/or hyperacusis.
The intrinsic and synaptic changes that trigger increased MOC-mediated suppression of OHCs may themselves be driven by a combination of top-down and bottom-up processes. In the top-down framework, cochlear damage would drive "forebrain-mediated neuromodulation," which in turn would produce a coordinated overactivation of many auditory brain stem structures, including the MOC and/or its presynaptic inputs. In the bottom-up framework, on the other hand, cochlear damage would first lead to increased spontaneous and/or evoked firing in the cochlear nuclei, which in turn would drive enhancement of MOC-mediated suppression of OHC activity.
Regardless of whether changes in MOC activity arise from bottom-up or top-down processes, increases in MOC activity could drive further hyperactivity. An enhancement of MOCmediated suppression of OHC activity could decrease cochlear activity and inhibit cochlear nerve output to the brain, further depriving the central auditory pathways of input. In this way, MOC-mediated suppression of cochlear activity might itself lead to a homeostatic increase in evoked firing in certain neurons of the VCN, similar to what has been characterized after acoustic trauma (Cai et al. 2009 ). This homeostasis could involve increases in intrinsic neuronal excitability, such as have been demonstrated in the DCN (Li et al. 2013) , and/or decreases in synaptic inhibition, such as have been seen in the DCN (Middleton et al. 2011) , IC (Wang et al. 2009 ), and AC (Yang et al. 2011) . These homeostatic increases in evoked firing in VCN neurons could create a positive-feedback loop, where MOC neuron-mediated suppression of cochlear function leads to increases in spontaneous and/or evoked firing in the ascending central auditory pathway, which in turn might lead to further enhancement of MOC-mediated suppression of cochlear activity.
Experiments in rodent models could help to differentiate between the top-down and bottom-up frameworks. For example, a comparison between the time courses of emerging hyperactivity following acoustic overexposure in the efferent MOC system and in afferent auditory brainstem nuclei such as the DCN and AVCN might help to distinguish top-down mechanisms from bottom-up processes. In these studies, tinnitus and hyperacusis behavior could be quantified with acoustic startle-based behavioral measures of gap detection (tinnitus) and sound responsiveness (hyperacusis) (Hayes et al. 2014; Hickox and Liberman 2014) . If Knudson et al. (2014) are correct, and enhancement of MOC-mediated inhibition of OHCs is related to a top-down, forebrain-mediated overactivation of auditory brain stem structures, then one would predict that patterns of hyperactivity within the MOC and DCN would emerge along similar timescales. Alternatively, if enhancement of efferent MOC activity were a compensatory response to hyperactivity in the DCN and/or AVCN, then one would predict that this enhancement in the MOC would emerge after afferent hyperactivity was first established in the cochlear nuclei.
Regardless of the precise mechanistic basis for the enhancement of MOC-mediated suppression of OHCs in tinnitus and hyperacusis, it will be crucial to determine whether the role of this enhancement is predominately pathological or protective. In animal models, this could be accomplished by activating and inactivating efferent MOC fibers projecting to OHCs in vivo, either immediately following cochlear damage (to look at disease induction), or after behavioral evidence of tinnitus/ hyperacusis has been established (to look at disease maintenance).
Taken together, the data presented by Knudson et al. (2014) suggest that efferent suppression of cochlear output by the MOC is enhanced in patients with tinnitus and/or hyperacusis. These findings are intriguing, and they raise many exciting scientific questions, which are experimentally tractable and may have important clinical implications. For example, if enhanced MOC-mediated suppression of cochlear activity contributes to tinnitus and/or hyperacusis, then selective reductions of MOC pathway activity may prove useful in ameliorating patients' symptoms. Furthermore, the data presented by Knudson et al. also help to explain why the role of the MOC in tinnitus has remained so unclear in the scientific community. By incorporating SLT information, as well a number of additional crucial controls, they were able to clearly illustrate an enhancement of efferent MOC activity in patients with either tinnitus or low SLT while also providing a parsimonious explanation for how these differences could have been overlooked in previously utilized study designs.
In conclusion, the medial olivocochlear system appears to be more strongly engaged by acoustic stimulation in humans with tinnitus and/or hyperacusis, suggesting a shared role for enhanced efferent modulation of cochlear activity in both conditions. The findings presented by Knudson et al. (2104) significantly advance the field by highlighting the importance of taking hyperacusis into account in all future human studies of tinnitus to avoid concealing meaningful differences between individuals. Although it remains to be determined whether enhancement of MOC activity plays a pathological or protective role, the evidence presented by Knudson et al. opens up new and exciting avenues for the development of therapies that could prove useful in treating tinnitus and hyperacusis simultaneously.
